The results presented in this paper reveal the first evidence that two types of percolation thresholds can coexist in an insulator-conductor-system, the higher one attributed to a static and the lower one to a kinetic network formation process. Detailed measurements at concentrations above the statistical percolation threshold show a power law dependence of conductivity on filler concentration (with an exponent of 2.7) that is independent of the processing condition. A simplified model of percolated particles was developed in order to relate the sample conductivity to the contact resistance between individual particles embedded within a polymer matrix. Our results are compared with previous studies in order to correlate the contact resistance values to different materials and processing conditions.
Introduction
Conductive filler particles in an insulating matrix are able to lower the overall resistivity by several orders of magnitude when a network develops throughout the matrix. The transition from an insulating to a conducting composite as a function of filler concentration is known as percolation and the critical concentration at which this drop occurs is called percolation threshold.
Percolation is described by many theories using different approaches. Some of them take into account the dependence of the percolation threshold on the filler shape [1] , size [2] or aspect ratio [3] , based upon an excluded volume approach [4] of infinitely thin particles. Another approach considers the dependency on the orientation of finitely thick sticks [5] . These statistical theories generally assume a random filler particle distribution and furthermore are static theories because they do not include the possibility of particle movement through the matrix. They predict percolation thresholds that are orders of magnitude higher than found in many experiments [6] [7] [8] . All these experiments have in common that they were performed on systems where the matrix possesses a fluid state of low viscosity (< 1 Pas) during processing. In this state particle manipulation is possible via shear forces [7, 8] and electric fields [9] which promote the formation of a network at filler contents as low as 0.002 wt% [8] . Such low percolation thresholds are no longer static but dynamic and have to be described by dynamic colloid theory [10] .
This work investigates the effect of shear rates on the promotion of a particle network at concentrations below and above the statistical percolation threshold. The system under test consists of multi-wall carbon nanotubes dispersed in an epoxy resin which possesses a fluid state of low viscosity during processing. Variable shear rates are exerted by controlling the stirring rate of the agitator and the temperature of the dispersion during the final mixing step.
However, an existing network does not guarantee good conductivity if the contact resistance between the individual filler particles is too high. Therefore, a simple relation between sample conductivity and filler content was derived for the region above the static percolation threshold in order to estimate the magnitude of the contact resistance between individual particles embedded within a polymer matrix. These calculations were also applied to conductivity measurements published by other groups [11] [12] [13] [14] [15] in order to correlate the contact resistance values to different polymer materials and processing conditions. 
Materials and experimental details
Multi-wall carbon nanotubes grown by catalytic chemical vapor deposition (CCVD) were supplied by Nanocyl S.A. (Belgium) specified with average inner and outer diameter of 4 and 15 nm, respectively, lengths up to 50 µm and carbon purity exceeding 95% (<5% iron catalyst). The scanning electron microscopy image (Fig. 1) shows a typical cluster of as-received nanotubes, which had to be broken up via shearing. This procedure tends to fracture the nanotubes due to their entanglement, thus an average length of several µm was assumed throughout our experiments. The polymer matrix consisted of bisphenol-A-based epoxy resin (Araldite LY 556) with an amine-based hardener (XB 3473), obtained from Huntsman Advanced Materials (Belgium).
Samples of nanotube epoxy composites of varying filler concentrations were produced in the following way. A masterbatch of epoxy resin containing a high nanotube concentration was prepared with a dissolver disk rotating at 2000 rpm for 2 hours at room temperature. Approximately 30 g of this dispersion was poured into a small cup, the appropriate amount of hardener (mixing ratio of 23:100 parts per weight of hardener:resin) was added and subsequently processed in three different ways. The filler concentration in the remaining masterbatch was then lowered adding pure resin and again stirred for 30 minutes at 2000 rpm. A suspension of 30 g was again extracted, and the procedure described above was repeated several times. The first sample set was stirred at 500 rpm for 10 minutes at 80 °C, then poured into aluminium moulds and further stirred at 50 rpm for 5 min at 80 °C (in the following referred to as the sample set with slow stirring, thus SS). The second set of samples was only stirred at 500 rpm for 10 min at 80 °C and afterwards left untouched in the aluminium moulds for 5 more minutes (sample with medium stirring, MS). The third sample set was stirred at 2000 rpm for 15 min at room temperature (sample with fast stirring, FS) and then poured into aluminium moulds. This set of samples was further equipped with brass electrodes (17 mm width, clamped in 1.8 mm distance and dipped 10 mm deep into each portion) in order to monitor conductivity while curing. All samples were cured in an oven at 120 °C.
After curing, two specimens (8 x 18 x 4 mm) were cut out from each sample with SS and MS processing. The 8 x 18 mm sides were polished, coated with conductive silver paint and contacted for conductivity measurements. The embedded electrodes were used as contacts for the FS-samples. Electrical measurements were performed in AC mode using a HP 4284A LCR meter at room temperature with a voltage amplitude of 1.4 V over a frequency range from 20 Hz to 1 MHz. The AC conductivities were calculated from the admittance values and, being constant up to at least 1 kHz, the values at 100 Hz were considered to be DC-equivalent. For optical analysis slices were cut out from all three sample sets and polished down to a thickness of only 0.5 mm. 
Results
The conductivity values of all samples as a function of nanotube concentration are summarized in a log-log plot in Fig. 2 . The values for the lowest concentrations correspond to the pure epoxy resin conductivity of 10 -9 S/m. For the SS-samples the percolation threshold is approximately 0.011 wt% while for the MS-samples it is around 0.024 wt%. These values are comparable with the threshold found in previous experiments (0.03 wt%) performed with similarly entangled nanotubes [6] but are one order of magnitude higher than achievable with aligned nanotubes [7] . As we will argue in chapter 5, these percolation thresholds are due to kinetic processes and therefore cannot be determined using the common percolation scaling law from statistical percolation theory [16, 17] . Therefore, our thresholds were taken at half of the conductivity increase from pure epoxy level to the incipient plateau at 10 -3 S/m. This conductivity plateau develops for both sets and sustains until 0.1 wt%. Here, a crossover from saturation to a power law behavior is clearly visible (arrow in Fig. 2 ). While investigations of Sandler et al. [7] on a similar system already suggest both, the plateau and the onset of a slope crossover in their conductivity plot, unambiguous evidence was provided through our measurements for the first time. This was made possible by the large number of measurements over a wide range of concentrations and the smaller increments of concentration than previously considered.
The experimental values of the FS-samples are well fitted by the scaling law
with critical concentration C Φ = 0.08 wt% and exponent t =2.04 (solid lines in both, Fig. 2 and its inset). The critical exponent is in good agreement with predictions from statistical percolation theory for a three-dimensional conducting network in an insulating matrix [17] just as with other experimental results [11, 15] . However, for rodlike particles lower [18] as well as higher [14, 19] values can be found in literature. It should be noted that the conductivity of the FS-samples follows -above 0.1 wt% -the power law Light microscopy images of thin slices cut from cured samples are shown in Fig. 3 . For each preparation method the emergence of flocs and the formation of a kind of superstructure are detectable. It is obvious that they both appear at the same concentrations where the conductivity increases by several orders of magnitude. However, above 0.2 wt% all samples exhibit a homogeneous particle distribution as exemplified in the last column of Fig. 3 . 
Theory
In this chapter we derive an extremely simplified model of percolated particles in order to try to relate the sample conductivity (that can be measured) to the inter-particle contact resistance inside the polymer (that cannot be measured, but ultimately limits charge transport). The model describes homogenously dispersed, immobile particles that are presumed to be rigid and of cylindric shape. The network they build is modeled through n parallel paths bridging the sample, each consisting of m sticks and m contacts. The number of parallel connections of single paths bridging the sample is defined as 
for being proportional to the sample thickness t and inversely proportional to the particle length l and filler weight fraction Φ . The latter dependence expresses the fact that all particles that experimentally build dead paths are theoretically incorporated in the conducting ones which makes these paths longer. The tendency to have dead paths is bigger for lower filler concentrations, therefore m increases with decreasing filler concentration. The exponential dependence is solely motivated by the experimentally found power law above 0.1 wt% (blue, dashed line in Fig. 2) . Therefore, the magnitude of the exponent x will always be adjusted according to the respective experimental results. Setting up the equations for parallel and series resistances within a sample yield the relation
where r and R are the radius and resistance of a single particle, respectively, and C R is the resistance of its contact to the next particle. In short, the recipe for assessing C R consists of equating 1 2 + x with the slope of the Sample Logσ vs Φ Log plot above the percolation threshold and then solving Eq. (3) with the help of the known parameters: individual particle size and resistance as well as conductivity and concentration values corresponding to a single data point.
Discussion

Two network formation mechanisms and percolation thresholds
We believe that the existence of two types of percolation thresholds is a characteristic feature of composite materials that possess a fluid state of low viscosity during processing. The higher threshold is determined by statistical percolation theory and therefore is unchangeable by processing methods. The lower one can vastly be shifted down to lower concentrations by stimulating particle flocculation and network formation.
Evidence for our statement is provided through comparison of the conductivity measurements in Fig. 2 with the light microscopy images in Fig. 3 . Both, the emergence of flocs and the steep conductivity increase, occur at lower filler concentrations than predicted by percolation theory for statistically distributed particles. This theoretical value represents the lower limit where a conducting network develops due to contacts between homogenously dispersed, immobile particles. We assume that at this point flocculation cannot further improve the conductivity or that particle rearrangement even cannot occur due to lowered particle mobility through the established network. Right below this point the superstructure of flocs is able to retain a certain level of conductivity (plateau) and above this point conductivity increases solely due to the generation of additional paths that connect opposite sample sites (power law dependence). This point at 0.1 wt% (arrow in Fig. 2 ) represents in our opinion the real statistical percolation threshold, whereas the additional thresholds at lower concentrations (0.011, 0.024 and 0.08 wt%) are of dynamic origin. The kinetic percolation threshold of the FS-samples at 0.08 wt% thereby overlaps the statistical threshold at 0.1 wt%. Now we want to analyze which mechanism is responsible for the different flocculation intensities for the SS-, MS-and FS-samples. Diffusion, convection, van der Waals and Coulomb forces can be excluded as they are present in all samples and should initiate identical flocculation all-over. The only difference arises from the variation of the stirring rates and temperatures after hardener addition. Thus, shear forces at low viscosities seem to be the only promoter of flocculation, at least regarding the short time period (1 hour) until polymer gelation. The significance of shearing was already demonstrated in experiments [20] as well as in simulations [21] , where Klingenberg et al. further predict a strong dependence of flocculation on the stiffness and shape of the filler particles and the friction forces between them.
Charge transport through the nanotube network
Statistical percolation theory does not directly describe the conductivity increase due to the percolation behavior of conductive particles, but merely the amount of particles of a given size needed to form infinite clusters of particles which are in contact with each other. Whether the particle size includes an insulating layer as well as its possible thickness finally determines the magnitude of conductivity improvement through percolation.
In this context conductivity below the percolation threshold is sometimes explained with tunneling conduction between homogeneously distributed particles not yet in physical contact (yielding the proportionality
) [18, 22] . This argument is not valid in our case as here all homogeneity is lost while lowering the threshold by as much as a factor of 10. Nevertheless, the corresponding plot of our results (Fig. 4) is worth to be discussed. All samples show above 0.2 wt% the mentioned proportionality which is however lost below 0.1 wt%. While this result suggests tunneling conduction rather above statistical percolation threshold than below, we want to emphasize possible limitations of this analysis. First of all, it is not clear whether a deviation from the given proportionality indicates a change in the conduction mechanism or simply the transition to an inhomogeneous particle distribution. Moreover, the plots of 
Inter-particle contact resistances of various composite materials
We start with explaining in detail how we proceeded in assessing the inter-particle contact resistances from the data of other groups and from our results. It is obvious that the only parameter needed besides the conductivity results is the size of an individual filler particle inside the polymer. The particle size highly depends on the sample processing methods and is not necessarily equal to the pristine filler size. Therefore, a crosscheck is necessary to compare the critical concentration predicted by percolation theory for the stated filler size [8] with the experimentally determined threshold. In the majority of cases the length of the particles was adjusted to fit the theoretical predictions, while mostly staying within the length distribution stated by the authors. The exponential dependence of Sample σ on Φ was subsequently determined from the slope of the respective log-log plot above the percolation threshold. Conductivity and concentration values corresponding to a single data point were extracted from the same region and finally the contact resistance magnitude was determined.
The above calculations were applied to conductivity data presented in this work as well as to published data that provided both, information about their filler sizes and some conductivity values above their statistical percolation threshold. The first striking result of this analysis is the fact that except for one case all slopes of the log-log plots above the percolation threshold reveal similar values around 3. In addition, this statement also holds for all our three preparation methods above 0.1 wt% (Fig. 2) thus suggesting a kind of universality in the nature of the network above the statistical percolation threshold. All relevant parameters and the resulting contact resistance magnitudes are summarized in Table 1 . Two of the analyzed publications [13, 14] yield particle contact resistances of the same magnitude as the resistances of the individual filler particles respectively used, namely 6.4 kΩ [23] for a single multi-wall nanotube and some MΩ [14] for a pure PPy coated cellulose particle. These contact resistances are the lowest computable results as both summands in the denominator of Eq. (3) are of same magnitude and small parameter variations easily decrease the denominator below R thus leading to negative values of C R . Therefore, straight-lined filler particles with big diameters seem to give low contact resistances, no matter what type of filler, matrix or processing method is used. The second set of published data [11, 15] as well as our work exhibit a contact resistance in the region of 10 5 Ω, thus 100 times larger than the pure single-wall [24] or multi-wall nanotube resistance. Again, neither the type of nanotubes or polymer nor the processing method seem to have a noticeable impact on the contact resistance magnitude. Finally, the high contact resistance in the case of the PmPV matrix [12] can be explained with the helical structure of the polymer chains which presumably wrap the nanotubes andhaving a diameter of 2 nm -impedes electron tunneling between them. One reason for the restricted possibility of data comparison definitely is the simplicity of our model, which does not include the real state of the dispersion, eg the magnitude of particle agglomerates, the degree of particle wetting through the matrix and the real particle shape. However, including these parameters into our model simultaneously requires the publication of corresponding SEM and TEM analyses to provide these data. In our case, SEM-images of fracture surfaces reveal zones of very high local nanotube concentration with diameters up to 100 µm. It is clearly visible that the nanotubes within these zones are not bundled but have a curly shape (Fig. 5) . With an improved model and enough data points above the respective statistical percolation thresholds it should be possible to analyze the dependence on different filler particles, matrices and preparation methods. This is the only way to both, supply more and reliable parameters -along with the particle sizes -and verify the universality of the linear dependence stated in this study.
Conclusions
Conductivity measurements over two decades of filler concentration with narrow increments revealed two percolation thresholds, the lower one attributed to a kinetic and the higher one to a static network formation process. A conductivity plateau was detected in our results and was attributed to the presence of a superstructure of flocculated filler particles. The onset of this flocculation was controlled by coarsely adjusting the stirring rate and temperature during the final mixing step. Qualitative investigations on these parameters with a rotational rheometer -allowing simultaneous optical and electrical measurements -are under way.
The flocculation generates a percolation threshold that is no longer explained with statistical percolation theory -colloid theory needs to be applied instead. Nevertheless, the crossover from saturation to power law behavior at 0.1 wt% coincides with the predicted statistical percolation threshold. Thus, attention has to be paid to the validity regions of the different theories when modeling percolation behavior.
A simple geometrical model was developed to fit the power law dependence of conductivity above the statistical percolation threshold and to derive the magnitude of an individual inter-particle contact resistance. The analysis of appropriate published data could not reveal a dependence on the filler or matrix type, thus necessitating further experiments with various materials and more data points. The high contact resistance expected for the case of the nanotubes wrapped by polymer structures was reproduced by our model. Medium contact resistances were obtained for nanotubes with diameters of several nm and lengths of several µm. Straight-lined filler particles with diameters of around 100 nm seem to yield rather low resistances. Extensive sample characterizations as well as thorough model refinements are however necessary to give more detailed statements.
